Background Navigated total knee arthroplasty (TKA) may improve coronal alignment outliers; however, it is unclear whether navigated TKA improves the long-term clinical results of TKA. Questions/Purposes Does the literature contain evidence of better long-term function and lower revision rates with navigated TKA compared with conventional TKA? Methods A systematic literature review was conducted of navigated TKA reviewing articles related to coronal alignment, clinical knee and function scores, cost, patient satisfaction, component rotation, anteroposterior and mediolateral stability, complications, and longer-term reports.
Introduction
TKA is a common surgical procedure for knee arthritis, effective in relieving pain and improving function [102] . Adequate alignment and proper component positioning at the time of TKA improve the survivorship of TKA [5, 15] , whereas implant malalignment and malposition are Each author certifies that he or she, or a member of their immediate family, has no commercial associations (eg, consultancies, stock ownership, equity interest, patent/licensing arrangements, etc) that might pose a conflict of interest in connection with the submitted article. All ICMJE Conflict of Interest Forms for authors and Clinical Orthopaedics and Related Research editors and board members are on file with the publication and can be viewed on request. Clinical Orthopaedics and Related Research neither advocates nor endorses the use of any treatment, drug, or device. Readers are encouraged to always seek additional information, including FDA-approval status, of any drug or device prior to clinical use. This study was performed at the Washington University Department of Orthopedic Surgery (St Louis, MO, USA) and the University of Victoria/University of British Columbia (Victoria, BC, Canada) Division of Orthopaedic Surgery. associated with decreased function and/or higher revision rates [14, 101] . In one study, more than 50% of TKA revisions were performed within 2 years postoperatively, and component malposition was a common reason [108] . In addition, when TKA is performed in lower volume hospitals (hospital volume of \ 25-50 TKAs/year), a higher TKA revision rate at 5 to 8 years has been reported [58, 74, 92] along with increased complications. Thus, solutions to improve revision rates and to reduce component malposition have been the focus of current research.
The use of conventional alignment guides in TKA reportedly achieves a neutral mechanical axis (± 3°) in approximately 75% of cases [7] and has been described as the best case scenario [73] for conventional TKA using standard guides. Early TKA failure if not within 3°of neutral mechanical axis has been reported [14, 51] and is the basis for selecting this degree of alignment for current TKA research [29, 65, 69, 98, 101, 121, 127] and for computer-assisted TKA.
Navigated TKA was first performed in 1997 [34] and its use and technology have evolved rapidly. Navigated TKA has been recognized as a useful technique in patients undergoing TKA with extraarticular deformity [22, 64] with applications now evolving for use in knees with less deformity (\ 10°) in routine TKA [46] . Navigated TKA is gaining popularity [2, 40, 42, 87] and combines the technology of computer-assisted orthopaedic surgery with conventional TKA in an attempt to improve the clinical, radiographic, and functional scores in patients undergoing TKA by reducing radiographic outliers. Navigated (computer-assisted) TKA reduces the number of outliers in the coronal mechanical axis [9, 11, 36, 41, 52, 57, 72, 79, 80, 97, 112, 116, 128] and has indirectly associated reduced outliers with improved long-term function and perhaps lower revision rates and/or survival, although this is not substantiated with data. However, recently reported Mayo Clinic data [95] at 15 years after conventional TKA question the validity aiming for a mechanical axis within 3°of neutral. A postoperative mechanical axis alignment in the coronal plane within 0°to 3°did not improve the implant survival rate with modern conventional TKA techniques.
Proponents of navigated TKA have argued that these techniques may improve the functional scores, alignment, revision rates, and survival in TKA. The arguments in favor of navigated TKA over conventional TKA include decreasing the percentage of radiographic outliers in coronal and sagittal plane alignment, improved accuracy in component axial rotation, improved flexion-extension gap and ligament balancing, comparable operative times once experience is gained, acceptable costs, low complication rates, reasonable learning curves, equal or improved functional scores, and the potential for improved survival of TKA implants as a result of improved surgical technique. Many of the reports supporting these arguments include small cohorts and low levels of evidence. In addition, although many of these navigated TKA studies do show improvement in radiographic outliers, they correctly suggest these improvements have not translated, as yet, to improved knee function, quality of life, and survival of the implant [50] . In addition, the unique complications associated with navigated TKA and the added expense and operative time further bring into question the cost-benefit of navigated TKA.
The purpose of this review is to provide a balanced view of navigated TKA and to discuss the current literature and controversies surrounding navigated TKA regarding coronal alignment, axial alignment, long-term durability, and patient-specific instrumentation. In addition, we discuss operating room times, costs, and the complications unique to navigated TKA.
Materials and Methods
We undertook a systematic review of the current literature of navigated TKA to determine if any clinical functional or radiographic parameters are improved with navigated TKA compared with conventional TKA. This is not a metaanalysis, because recent meta-analyses have been reported and focus on alignment primarily in the coronal plane. Using the MEDLINE database, with a focus on randomized clinical trials, meta-analyses, and registry data, we performed a review of the evidence for navigated TKA. Publications within the last 10 years in the English literature were evaluated using the search headings: total knee arthroplasty, navigation, computer assisted, and complications. In addition to TKA coronal alignment (which is the primary variable studied in most reports), we reviewed other factors including clinical scores, cost, patient satisfaction, component axial rotation, AP and mediolateral stability, complications, and longer-term durability of navigated TKA compared with conventional TKA.
Results
Recent studies examining the effect of navigation on TKA alignment have produced contradictory findings. Although most studies report more accurate mechanical axis and component alignment with fewer outliers using navigation [9, 18, 36, 41, 60, 66, 123] , others have shown no major differences [61, 63, 71, 117] between navigated TKA and conventional TKA comparing clinical, functional, and imaging results. To evaluate this further, we have reviewed recent meta-analyses and randomized clinical trials (RCTs) with an emphasis on recently reported RCTs with longer followup. Meta-analyses have been used to evaluate the findings in studies with small numbers and often inadequate power analysis to make adequate conclusions themselves. Unfortunately, meta-analyses are limited by many factors including level of evidence, patient selection biases, surgeon experience with the studied intervention, and most notably statistical variability. Studies comparing navigated TKA versus conventional TKA have been recently evaluated in five meta-analyses [10, 23, 25, 78, 89] with two published within the last year [23, 25] . Interestingly, there is disagreement among these studies. In 2007 Bauwens et al. [10] reported on 33 studies combining 3423 patients comparing navigated TKA with conventional TKA. The main conclusions included no difference in infection, thromboembolic events, or the overall mechanical axis alignment between the two groups with a 23% increase in operating room time for navigated TKA. There was inconclusive evidence to assess functional improvement and complications. However, navigated TKA did demonstrate a lower risk of malalignment at the 3°and 2°t hresholds for mechanical axis outliers. In addition, as the mechanical axis outlier degree was increased from 0°up to 6°, the authors demonstrated the decreasing advantage of navigated TKA. Strong statistical heterogeneity and differences were noted, and the conclusion was that there are few advantages over conventional TKA on the basis of radiographic end points. Later the same year a second meta-analysis was reported by Mason et al. [78] with conflicting results despite including similar studies. Navigated TKA showed improvements in mechanical axis (within 3°in 9% of navigated TKA versus 31.8% of conventional TKA), frontal tibial and femoral component alignments within 3°, and tibial slope and femoral flexion angles within 2°. This study included comparative cohort studies and did indicate that doing so may have inherent selection bias. The authors were critical of and indicated there may have been an analytic and design error in the study by Bauwens et al. [10] , explaining the differences. In 2010, Novicoff et al. [89] reported a meta-analysis spanning 1990 to 2008 reviewing studies comparing conventional and computer-assisted techniques in TKA. Analysis of 22 randomized controlled studies showed a clear advantage in terms of alignment for computerassisted surgery; however, no studies evaluated the associations between patient characteristics and function beyond the degree of malalignment within a short period after the surgery. The authors concluded there is a need for studies that examine knee function at more than 1 year postoperatively using standardized assessment tools, especially because malalignment is an intermediate measure that cannot be linked causally in all cases of eventual implant failure. In 2011, two meta-analyses were reported. Cheng et al. [25] analyzed six studies [17, 83, 91, 97, 120, 129] published before 2008, again noting improved coronal alignment within 3°for navigated TKA (95%) compared with conventional TKA (66%) with an increased operative time of 18 minutes in navigated TKA. However, no differences in knee function or complications were found, and they concluded there was no benefit in short-term clinical functional benefit using navigated TKA. Brin et al. [23] used a Bayesian meta-analysis compiling 20 studies demonstrating an 80% reduction in mechanical axis and similar coronal tibial and femoral component outliers when navigated TKA was used. There was no evaluation of sagittal alignment. In 2011, the Norwegian Arthroplasty Register [38, 39] reported a higher rate of revision at 2 years in navigated TKA (using a mobile-bearing implant) compared with a conventional technique. They attributed these findings to the learning curve and technical aspects of navigated TKA, which was the new variable introduced. In summary, the findings of these five meta-analyses and the Registry data are inconclusive to support routine use of navigated TKA based on their conclusions. Registry data and longer-term, well-designed RCTs may provide more useful information.
Several RCTs comparing navigated TKA with conventional TKA have now been reported [3, 7, 11, 14, 15, 18, 20, 21, 28, 29, 32, 33, 35, 38, 49-51, 55, 56, 61, 65, 127] ( Table 1) . One of these recently reported by Harvie et al. [42] is an example of the findings that have been reported by other studies yet with longer followup than any other RCT. This study is a 5-year followup (and update of two previous reports by the same authors [24, 113] ) of a RCT comparing navigated TKA and conventional TKA. Improvement in coronal, sagittal, and axial alignment on CT scans was observed with navigated TKA. Despite achieving better alignment with navigated TKA, no improvement in clinical or functional knee scores, quality of life, or patient satisfaction has been demonstrated compared with conventional TKA. A recently reported 5-year randomized trial (nonblinded) [48] comparing the functional knee scores of computer-assisted and conventional TKA demonstrated no difference in the frequency of malalignment between navigated and conventional TKA. Compared with conventional surgery, navigated TKA resulted in a better mean Knee Society score. However, the difference in mean Knee Society scores over time between the two groups was not constant. Unfortunately, nearly 40% of the patients did not have complete clinical scores; thus, the data must be interpreted with caution. The majority of these studies have a common theme: fewer outliers in coronal plane alignment/mechanical axis deviation from 3° [11, 14, 18, 20, 35, 38, 49, 50, 55, 56, 61, 65, 127] , some demonstrating improved sagittal plane alignment [14, 18, 20, 35, 55, 65, 127] and no or not studied clinical, functional, or survival improvement associated with navigated TKA compared with conventional TKA [3, 7, 11, 18, 20, 21, 35, 50, 51, 55, 56, 65, 127] , and all studies demonstrated a substantially increased operating room time and associated added cost to the procedure. Worse functional knee scores have been reported with navigated TKA in one study [103] at 3 years. Three recent studies [15, 21, 32] demonstrated no improvement in coronal, sagittal, or axial alignment. Despite no outliers intraoperatively, up to 20% outliers [28] on plain radiographs have been reported, questioning the use of plain radiographs to assess frontal plane alignment [1, 46, 64, 99, 125] . In several recent studies [3, 21, 28, 29, 38, 51] , there was no difference in limb alignment, component rotation using both radiographs and/ or CT imaging, and no difference in function. In one study, there was more varus limb alignment [47] in the navigated TKA group with no improvement in alignment precision. The authors hypothesized that small but consistent errors in navigation landmarking may be responsible and that the costs of navigated TKA are not warranted. In another study [6] , improvement in coronal tibial alignment only occurred and femoral sagittal flexion was worse with navigation. Navigation may not take into account the bow of the femur, and the authors recommend distinct dissection of the anterior femoral area to improve navigated TKA registration. Unfortunately, many of these series typically do not include functional or knee scoring despite large study designs [112] . It would be expected that longer-term studies with improved followup and larger numbers would deliver the proposed results in favor of navigated TKA that the proponents of this technology have emphasized. However, that is not necessarily the case. Kamat et al. [57] analyzed 637 primary TKAs comparing navigated TKA with conventional TKA in two cohorts (nonrandomized) with 1 to 5 years followup. There was no difference in clinical knee score measures; however, a higher number of mechanical axis outliers in conventional TKA were noted, suggesting longer followup is required. Similarly, in 777 navigated TKAs evaluated retrospectively [42] at 5 years, no differences in clinical or functional knee scores were noted. Other 5-year comparative cohort studies [84] have demonstrated improved mechanical axis and component rotation but no improvement in function or clinical knee scores measures. Ishida et al. [50] reported a prospective comparative study of 60 knees (30 navigated TKAs) at a minimum of 5 years and found improved coronal mechanical axis alignment, less femoral component internal malrotation, improved ROM, and better Knee Society knee scores but not function scores.
Other non-RCTs demonstrate no advantage to navigated TKA [21, 45] at 8 years (functional and clinical scores, revision rates, and mechanical axis the same) [45] or show improved alignment and mechanical axis only but without evidence for improved knee function [9, 84] . The importance of correct axial rotational component alignment in TKA has been reported, and the effect and association with extensor mechanism maltracking have been recognized [5, 15] . Although the proponents of navigated TKA argue the benefits of improved coronal alignment, the use of navigated TKA studying component rotation has been less well reported [24, 32, 47, 80, 91, 100, 103, 115, 119] , requiring more complex CT scan analysis. In addition, the virtual position of the femoral component during navigated TKA differs from the CT scan femoral component rotation postoperatively, and intraoperative navigated TKA rotation may be subject to variations during the procedure such as pin movement, component insertion, bone loss, and difficulty locating and registering epicondylar landmarks and may not reflect final component position [119] . Although there have been reports of reducing the percentage of outliers (ideal within 3°of epicondylar or tibial tubercle axis; outliers defined as [ 6°o utside of the axis [52, 103] of acceptable axial component rotation [24, 103, 115] for both the femoral and tibial components in both mean and percentage of outliers [103] ), others (including RCTs) have demonstrated no improvement in mean and percentage of outliers for component rotation [21, 35, 42, 47] , we found no study demonstrating improvement in mean or outlier numbers for tibial component rotational alignment. One cohort study compared component malalignment and postoperative pain in navigated TKA [32] and found no difference between chronic pain using WOMAC pain score with navigated TKA compared with conventional TKA. In one study [32] , postoperative pain correlated with CT axial malalignment of [ 3°of rotation for both navigated and conventional TKA, and the authors concluded there was no clinical benefit to navigated TKA but that a statistical relationship between axial malalignment and pain may exist regardless of a navigation or conventional TKA technique.
The effects of changes in the joint line in TKA are well documented in conventional TKA [37, 96] affecting stability, ROM, patellofemoral joint mechanics, and functional knee scores. Few studies have evaluated joint line position in navigated TKA compared with conventional TKA [3, 126] . In a recent RCT [3] comparing navigated TKA with conventional TKA, the authors found no difference in joint line position between the two techniques and no difference in ROM or SF-12 with respect to joint line change. However, TKAs in which the joint line was depressed postoperatively improved the least in terms of functional scores, whereas changes in alignment also affected Knee Society scores. Song et al. [111] have studied the relationship between AP and mediolateral stability comparing navigated TKA with conventional TKA in cruciate-retaining TKAs using fluoroscopic stress view techniques and found no difference in knee scores at 1 year in stability, ROM, or Hospital for Special Surgery knee scores.
The costs associated with navigated TKA, without a clear long-term benefit, continue to be debated. Startup costs, training, software, maintenance and upgrade, additional operating room time, learning curves, complications, imaging (CT or other), and the costs associated with each of these may be important and are clearly recognized [9, 19, 40] , even by proponents of navigated TKA. In all studies comparing navigated TKA with conventional TKA, the cost of using a navigated TKA system is a factor that is well recognized yet difficult to quantify. Cost is often addressed indirectly with an increase in operative and procedure time for navigated TKA [47] . An increase in operating room time for navigated TKA is required as a result of the additional computer processing, pin and tracker placement, array registering of data points, and analysis of intraoperative data. This increase in operating room time is variable and ranges [3-5, 9, 12, 13, 19, 28, 59, 61, 65, 66, 127] between an increase of 8 to 63 minutes and may be nearly double [62] or more than double [10] the procedure time with a higher incidence of complications [9] compared with conventional TKA. However, it has been suggested that time efficiency in navigated TKA may be gained by customizing the navigation protocol to eliminate certain steps and by not resurfacing the patella [114] . In one study by Bonutti et al. [21] comparing minimally invasive TKA in navigated versus nonnavigated knees, ''no advantage for navigation'' was reported in the article and abstract, yet the mean operating room time for navigation (112 minutes) versus nonnavigation (54 minutes) was more than two times longer. We identified no studies that demonstrate a cost savings or equality in the long or short term comparing navigated TKA with conventional TKA. Using a decision model to evaluate the cost-effectiveness of navigated TKA, Novak et al. [88] determined that a cost savings might be achieved if the navigated TKA cost is $629 US or less (compared with conventional TKA per procedure). This analysis considered revision TKA rates at 15 years and achieving a coronal plane alignment within 3°of the mechanical axis. Notably, cost-effectiveness with this model will become more favorable when applied to younger patients undergoing TKA with longer life expectancies. Using a different model to assess costs associated with navigated TKA, Dong and Buxton [35] also believe there may be a savings in the long term with an additional charge of $430 US per case. The potential for reduced revision rates and lower complications through more accurate and precise alignment in navigated TKA is predicted. When image-based navigated TKA (preoperative CT scan or fluoroscopy) with the additional preoperative image planning is compared with image-free navigated TKA, no improved accuracy can be demonstrated [129] , and there is an increase in preoperative planning costs combined with preoperative radiation associated with the additional imaging. These analyses presume that a lower revision rate will be achieved with navigated TKA, a hypothesis that has never been proven.
With the development of patient-specific TKA techniques, there has been an interest in comparing the costs of this technique with navigated TKA and conventional TKA procedures. Patient-specific TKA, in which preoperative imaging provides the surgeon with custom cutting jigs for optimal component alignment, has been recently developed. This technique avoids the expense of computer hardware, software, and maintenance costs that prevents computer navigation from being cost-effective at low-volume centers. Watters et al. [122] recently reported that using this technique and guides compared with navigated TKA (and conventional TKA) produced an operating room time savings of 67 minutes compared with navigated TKA and overall lower total procedure-related cost compared with navigated TKA at their institution. The authors concluded that this time savings is likely to provide a greater economic impact to the healthcare system than implantrelated cost savings and navigation.
Complications unique to navigated TKA have been reported, are typically increased [19] [20] [21] , and may occur in up to 17% [20] Proponents of navigated TKA favor this technique as a result of the potential for reducing or eliminating intramedullary (IM) canal instrumentation and secondarily reducing fat and marrow embolization [31, 56] . However, differences in methodology measuring emboli exist between studies, making comparisons difficult. Transesophageal (TE) and transcranial ultrasound have been used to detect pulmonary [17, 39, 41, 43, 93] and cranial emboli [26] with methods of calibration to eliminate noise from flow and cavitation in one study [86] described as arbitrary. Maximum embolic load [17, 39, 43, 93] has been reported to occur immediately after tourniquet release and continues for 15 to 120 seconds and no showers of emboli seen during IM canal instrumentation. In contrast, Kalairajah et al. [56] and Church et al. [31] showed emboli occurred at the time of IM instrumentation, favoring the navigated TKA technique over conventional TKA. However, this has not translated to decreased rates of postoperative confusion or respiratory thromboembolic events comparing navigated TKA with conventional TKA [40] , and in a recent meta-analysis [10] , no difference in venous thromboembolism events was found. O'Connor et al. [90] used TE echo in navigated TKA compared with conventional TKA and measured emboli after tourniquet deflation for five consecutive 1-minute intervals and found no major difference, and Kim et al. [62] studied arterial samples of fat and marrow and found no difference between navigated TKA versus conventional TKA samples. Cognition after navigated TKA compared with conventional TKA has been studied [43] , revealing no difference in mental status examination, oxygen requirements postoperatively, and at 6 months after surgery.
A decrease in blood transfusion requirements [40] or blood loss [24, 56, 81, 104] secondary to no IM canal instrumentation has been proposed as an advantage by surgeons who favor navigated TKA. However, contradictory evidence exists and many studies do not support that conclusion [29, 36, 57] and have not demonstrated any difference in hemoglobin drop, transfusion rates, or blood loss. One study [56] used three suction drains for blood salvage and claimed substantial savings in terms of crossmatching of blood with navigated TKA only requiring a type and screen.
Fractures [8, 10, 24, 31, 44, 54, 63, 68, 94] have been reported to occur around pin sites used in navigated TKA and are unique to this procedure, occurring approximately 1% [12] of the time (Fig. 1A-G) . More commonly these fractures occur in the distal femoral diaphysis [8, 23, 63] or supracondylar [31] region. These fractures have been reported as having a complicated course, requiring retrograde nailing or locking plate fixation, and are considerable [8] but with functional knee scores equivalent to before the fracture [6] reported. Fractures typically may occur with minimal trauma (rising from a chair) and preceding symptoms of thigh pain without trauma are common. Fractures may occur intraoperatively or up to 12 months postoperatively [6, 24] and pin site holes from navigation pins are not routinely visualized on standard radiographs postoperatively, often requiring a longer radiograph to see these pin site bone changes. The etiology has been attributed to multiple risk factors [49] : female sex, osteoporosis [27, 30, 67] , larger pin diameters (5 mm), bicortical pin placement [24, 27] , multiple pin passes, increased stress riser, thermal necrosis of bone [24, 31, 68] , a pin design with a lower risk fluted tip, and 1-mm (increased) pitch with self-tapping and self-drilling pin designs preferred. Fractures have also been reported in the tibia [22, 34, 52, 76, 107] treated successfully with nonoperative treatment. In one cadaver study [77] , pins directed from the anterolateral to the posteromedial distal femur were in close proximity (within 5 mm) to the popliteal vessels. Other nonfracture pin site minor complications [44] have been described including multiple pin insertion attempts, aborting navigated TKA as a result of pin loosening, inability to insert iliac crest pins, hematoma, infection [110] , and nerve injury [8, 54] . There is a potential for a hyperextended position of the femoral component with navigated TKA, leading to a risk of anterior femoral cortex notching [16, 25, 37, 82] . There is a conflict between the perpendicular cut to the sagittal mechanical axis and notching in 40% to 85% in males and 65% to 100% of females. Navigated TKA must account for this conflict and the surgeon must recognize this potential intraoperatively.
Discussion
Improved alignment in navigated TKA in the coronal plane and a reduction in radiographic outliers have been demonstrated in the reports we have reviewed for this study. That question has been answered previously by numerous studies confirming the same or similar results. Despite this fact, previous meta-analyses, RCTs, and nonrandomized studies of short-, medium-, and long-term followup have not demonstrated any improvement in clinical function scores, revision rates, or improved survival for TKA performed with navigation compared with conventional TKA. The presumption that if improvement in coronal plane alignment with a reduction in outliers is achieved and that this might then translate to improved function, survival of TKA implants, and lower revision rates is not supported by any research to date. We focused our review on clinical trials performed within the last 10 years to include older studies with longer followup, but also to include the more modern versions of navigated TKA with contemporary technology and surgical technique. We hypothesized that although navigated TKA does indeed demonstrate improvements in coronal plane alignment and may reduce outliers, the clinical outcomes will not yet be improved. However, the question of whether this translates into improved functional and clinical outcomes has been the focus of this review. Our research questions are (1) does navigated TKA produce improved clinical outcomes and lower revision rates; and (2) are other parameters including sagittal alignment, axial rotation, cost of technology, patient satisfaction, AP and mediolateral stability, and complications improved with navigated TKA, at least in the medium term and/or long term?
We identified deficiencies in the literature and not several related to our review. First, there is no evidence for mediumto longer-term studies supporting functional improvements or reduced revision rates for navigated TKA. Although there is one recently published medium-term study, the results and analysis are confusing and contradictory and do not support the numerous other publications that demonstrate no functional improvements. Thus, to argue that navigated TKA may produce improved results and/or that we are just unable to currently realize these improved results with our current measurement tools is not practical and may mislead surgeons who perform TKA. Until we have definitive evidence from different centers with prospectively collected data at longer-term followup, this statement and concept are not supported. Second, even published meta-analyses using the same or similar studies cannot agree on the consensus of whether there is evidence to support any functional improvements in navigated TKA. Different methods of statistical analyses, incomplete power calculations, and cohort studies combined together lead to confusing and contradictory results. Third, many of the studies have been performed at high-volume academic centers by surgeons with an interest or even conflict of interest with industry and the development of navigation technology and who perform many TKA procedures already. Thus, we note a paradox: navigation is likely most affordable (ie, the costs can be distributed) in high-volume centers where surgeons are least likely to need navigation to achieve proper alignment in most patients and surgeons who could likely most benefit from the ability of navigation to reduce the number of outliers (presuming that is important) are in low-volume centers where navigation would likely be impractical from the point of view of costs and learning curves. Finally, there are unfortunately many studies that we reviewed that have no functional followup, or only radiographic results, or less than 2 years of clinical results. Clearly these studies, although providing useful feedback to surgeons about radiographic and alignment results, do not add to the body of evidence in favor of navigated TKA in terms of the question of long-term functional gains and lower revision rates.
Demonstration of alignment, rotational, and functional improvements in navigated TKA continues to remain controversial. Studies differ in which measurements are improved, and short-to medium-term functional benefit has not been demonstrated despite multiple studies comparing navigated TKA with conventional TKA. There is evidence to support improvements in coronal plane alignment. However, sagittal plane and axial/rotational alignment have been less well studied. Although there is no improvement in knee stability or restoration of joint line, the additional costs, longer operative times, and increased complications associated with navigated TKA continue to raise concerns about this procedure. We agree that surgeons with experience in navigation have reduced operating room time (compared with surgeons less experienced in navigated TKA), improved mechanical axis alignment, and possibly less cutting errors compared with experienced TKA surgeons without navigation training and surgeons with limited knee arthroplasty experience [75] . However, navigation is not a substitute for meticulous intraoperative surgical technique and training in TKA without clinical, functional, or survival benefits in the medium term. Surgeons who perform relatively few TKAs should be cautious about adopting navigated TKA. Surgeons may rely on the navigation, perform minimal or not enough bone resections, and prolong operating room times even further in combination with a TKA that is performed less frequently.
Improvements in coronal alignment (with fewer outliers) unfortunately have not produced improved clinical knee scores, implant survival, better TKA function, or durability, and this may be attributed to three potential causes: (1) the better alignment in two planes is mitigated by the remaining errors in the axial (rotational) plane either because of an incorrect definition of the Cartesian coordinate system through which the navigation system is referencing or by the shear malalignment of the components in the axial plane; (2) alignment goals of a neutral mechanical axis are not the correct goal, and individual adjustments need to be made based on each patient's anatomic variability; and (3) the groups studied are too small (insufficient power) and/or the clinical scoring systems measuring functional status are not refined enough and suffer early ceiling effects, not allowing to prove superiority. These three causes are not sufficient to conclude that surgical navigation has to be abandoned; on the contrary, the better accuracy in the coronal and sagittal planes is needed if we want to refine alignment goals.
Although navigated TKA in its current form is arguably the best objective tool to measure our accuracy of component alignment in the operating room, orthopaedic surgeons lack the individual or collective surgical/anatomical targets to improve on the short-term functional scores at the present time. The majority of the studies reported in this review support this view. One of the main questions for knee arthroplasty surgeons that remains to be answered is how to create, modify, and identify knee (or other) functional assessment tools, imaging techniques, and reliable component alignment parameters to determine the benefits of navigated TKA. We are confident that the technology may improve component positioning and reduce imaging outliers; this is encouraging. Currently, however, it may be the case that we just do not have the appropriate tools (yet) to realize the true advantages of navigated TKA. Furthermore, we are encouraged by the few recent midterm reports of functional improvements with navigated TKA, yet remain discouraged by the study design flaws in this research.
Factors other than limb alignment may affect the longterm durability of TKA [45, 53, 60, 118] . The dynamic loading of the knee [109] is multifactorial and thus the traditional 0°to 3°for mechanical axis alignment may not predict long-term TKA implant survival. The goal of achieving neutral mechanical axis in all patients has recently been brought into question. A recent study by Bellemans et al. [13] reported that over 30% of normal males had ''constitutional varus'' of the knee and returning such individuals to neutral alignment would change their native alignment, ligament balance, and potentially compromise the clinical result.
The use of navigation in TKA requires extra training and results in additional operating room time and costs, which are a factor in implementing this technology. Combining navigated TKA [20, 21] with the already questionable and poor results [4] of minimally invasive TKA with an experienced surgeon may be considered; however, added time, increased costs, more complications, and no proven clinical advantages have been reported, and we disfavor this combination of technology and surgical techniques.
If routine use of navigated TKA led to consistently improved patient care, it would be expected that the studies should show improvements in the same parameters. A reduction in outliers of mechanical axis malalignment may be achieved with navigated TKA; however, the costs, additional operating time, increased training, potential for new and increased complications, and the lack of reproducible evidence in favor of navigated TKA question its role in routine TKA. The established roles for navigated TKA include use in patients with extraarticular deformity or retained implants and hardware that does not allow for traditional extra-or intramedullary alignment guides. In addition, use in resident teaching to provide immediate feedback regarding the accuracy of cutting guide placement may be helpful. To effectively evaluate the medium-and longer-term results of navigated TKA, future clinical trials should be designed to follow patients at short and medium term to document improved clinical function and longer term to establish whether lower revision rates are achieved.
